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6UHHGHHSHWDO(U]LQHWDO7KHSUHVHQWLQYHVWLJDWLRQXVHVDUWLILFLDOLQWHOOLJHQFHWHFKQLTXH
IXQFWLRQDO QHWZRUN DSSURDFK WR GHULYH D JHQHUDOL]HG FRUUHODWLRQ EHWZHHQ HOHFWULFDO DQG WKHUPDO
UHVLVWLYLW\ RI VRLO $ ORFDOO\ DYDLODEOH SRQG DVK LV XVHG IRU ODERUDWRU\ VFDOH HOHFWULFDO FRQGXFWLYLW\
GHWHUPLQDWLRQ XVLQJ D IDEULFDWHG HOHFWULFDO SUREH DQG WKHQ HPSOR\LQJ WKH IXQFWLRQDO QHWZRUN EDVHG
UHODWLRQVKLSWKHUPDOFRQGXFWLYLW\RIWKHPDWHULDOLVGHWHUPLQHG7KLVWKHUPDOSURSHUW\LVWKHQXVHGIRU
DVVHVVPHQWRIWKHUPDOPLJUDWLRQDURXQGDW\SLFDOFRRODQWGXFWZLWKSRQGDVKDVDQHQJLQHHUHGEDUULHU
7KH QXPHULFDO VLPXODWLRQ LV FDUULHG RXW LQ D )LQLWH (OHPHQW 0HWKRG )(0 EDVHG FRPPHUFLDOO\
DYDLODEOHVRIWZDUHSDFNDJH$16<6
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57  7KHUPDOUHVLVWLYLW\RIWKHJHRPDWHULDO
5&  7KHUPDOFRQGXFWLYLW\RIWKHJHRPDWHULDO
2EMHFWLYHDQGSUREOHPLGHQWLILFDWLRQ
7KHSUHVHQWSLHFHRIZRUNLVSHUWDLQVWRVWXG\RIVXLWDELOLW\RISRQGDVKIURPWKHUPDOSRZHUSODQWDV
DQ DOWHUQDWH HQJLQHHULQJ EDFN ILOO PDWHULDO DURXQG WKH FRRODQW GXFWV 7KH HVWLPDWLRQ RI WKHUPDO
UHVLVWLYLW\ RI JHRPDWHULDOV IURP WKHLU HOHFWULFDO UHVLVWLYLW\ ZDV FDOFXODWHG EDVHG RQ WKH FRUUHODWLRQ
DFKLHYHG XVLQJ IXQFWLRQDO QHWZRUN DSSURDFK 7KH HOHFWULFDO UHVLVWLYLW\ RI WKH SRQG DVK VDPSOH LV
PHDVXUHG XVLQJ D IDEULFDWHG HOHFWULFDO SUREH 7KH IDEULFDWHG HOHFWULFDO SUREH WKDW ZRUNV RQ WKH
JXLGHOLQHVHQXPHUDWHGE\6UHHGHHSHWDO7KHH[SHULPHQWDOO\HYDOXDWHGHOHFWULFDOFRQGXFWLYLW\RI
WKHSRQGDVK LVXVHGIRU LQGLUHFWGHWHUPLQDWLRQRI LWV WKHUPDOFRQGXFWLYLW\ZKLFK LVXVHGDVDQ LQSXW
SDUDPHWHU IRU QXPHULFDOO\ VLPXODWLQJ WKHUPDO PLJUDWLRQ DURXQG FRRODQW FDUU\LQJ GXFW LQ D W\SLFDO
FHQWUDOL]HGDLUFRQGLWLRQLQJV\VWHP
)XQFWLRQDO1HWZRUNV )1 LV D UHFHQWO\ LQWURGXFHG H[WHQVLRQ RI QHXUDO QHWZRUNV &DVWLOOR 
EDVHG XSRQ WKH VWUXFWXUH RI WKH SK\VLFDO ZRUOG )1 LV WHUPHG DV D QRYHO JHQHUDOL]DWLRQ RI QHXUDO
QHWZRUNVEHFDXVHRI LWVDELOLW\ WR WDNH LQWRDFFRXQWERWKGDWDDVZHOODVSURSHUWLHVRI IXQFWLRQEHLQJ
PRGHOOHGGRPDLQNQRZOHGJHWRHVWLPDWHWKHXQNQRZQQHXURQIXQFWLRQV2QFHWKHLQLWLDOWRSRORJ\LV
DYDLODEOHIXQFWLRQDOHTXDWLRQVFDQEHXVHGWRDUULYHDWDPXFKVLPSOHUWRSRORJ\)XQFWLRQDOQHWZRUNV
WKXV HOLPLQDWH WKH SUREOHPRIQHXUDO QHWZRUNEHLQJ µEODFNER[HV¶ ,Q)1 WKH IXQFWLRQV DUH OHDUQHG
GXULQJWKHVWUXFWXUDOOHDUQLQJDQGHVWLPDWHGGXULQJWKHSDUDPHWULFOHDUQLQJZKHUHDVLQQHXUDOQHWZRUNV
WKHQHXURQIXQFWLRQVDUHDVVXPHGWREHIL[HGDQGNQRZQDQGRQO\WKHZHLJKWVDUHOHDUQHG0RUHRYHU
)1 FDQ XVH DUELWUDU\PXOWLDUJXPHQW DQG YHFWRU YDOXHG IXQFWLRQV ZKHUHDV LQ QHXUDO QHWZRUNV RQO\
IL[HGVLJPRLGDOIXQFWLRQV7KLVSDSHUDSSOLHVWKHXVHRIDVVRFLDWLYLW\IXQFWLRQDOQHWZRUNV,QJHQHUDO
ZLWKWKHXVHRIWKHEDVLFWKHRU\RIIXQFWLRQDOHTXDWLRQVDQ\PXOWLLQSXWQHWZRUNFDQEHWUDQVIRUPHGWR
DQDVVRFLDWLYHQHWZRUN&DVWLOORDQG5XL]&RER
1XPHULFDOPRGHOLQJLVFDUULHGRXWXVLQJDFRPPHUFLDOO\DYDLODEOHVRIWZDUHSDFNDJH$16<67KLV
VRIWZDUHVXLWHLVEDVHGRQ)LQLWH(OHPHQW0HWKRG)(0DQGLVFDSDEOHRIDVVLVWLQJLQVWHDG\DVZHOODV
WUDQVLHQW WKHUPDODQDO\VLV+RZHYHU LQRUGHU WR UHQGHU WKHDQDO\VLVVLPSOHUDVWHDG\VWDWHDQDO\VLV LV
UHDOL]HGKHUH
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0DWHULDOVDQGPHWKRGV
3.1. Material selection and characterization  
3RQG DVK VDPSOH ZDV FROOHFWHG IURP 5RXUNHOD 2GLVKD ,QGLD 6SHFLILF JUDYLW\ RI WKH VDPSOH LV
IRXQGWREHDVSHU,63DUW,,,6HFWLRQ*UDLQVL]HGLVWULEXWLRQFXUYHIRUWKHVDPSOH
LVSUHVHQWHGLQILJXUHDQGILJXUHGHSLFWVWKH/LJKWFRPSDFWLRQFKDUDFWHULVWLFVRIWKHVDPSOH
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)LJ3DUWLFOHVL]HGLVWULEXWLRQFXUYHIRUSRQGDVK)LJ/LJKWFRPSDFWLRQFKDUDFWHULVWLFVFXUYHIRU
SRQGDVK
7DEOH  JLYHV DQ LQVLJKW LQWR VRPH RI WKH UHOHYDQW SK\VLFDO SURSHUWLHV RI WKH VDPSOH DQG WKH
LQIHUHQFHVGUDZQIURPWKHJUDLQVL]HGLVWULEXWLRQDQGFRPSDFWLRQFKDUDFWHULVWLFVFXUYHRIWKHVDPSOH
7DEOH*HRWHFKQLFDODQGSK\VLFDOSURSHUWLHVRIWKHSRQGDVKVDPSOH
Specificgravity,G Coefficientof
curvature,Cc
Uniformitycoefficient,
Cu
Optimummoisture
content(%)
Maximumdrydensity
(g/cc)
2.25 6.02 2.54 26.95 1.12
3.2. Electrical probe and its principle of application 
7KH HOHFWULFDO SUREH ZRUNV RQ WKH SULQFLSOH RI RSHUDWLRQ IRU (OHFWULFDO 5HVLVWLYLW\ 3UREH (53
JLYHQE\6UHHGHHSHWDO$IWHUWKHSUREHLVGXJLQVLGHWKHVDPSOHDNQRZQYDOXHRIHOHFWULFDO
FXUUHQW I LVDSSOLHGDFURVV WKHH[WUHPH WZRFXUUHQW HOHFWURGHVDQG WKHSRWHQWLDOGURSV DFURVV WKH
YROWDJHHOHFWURGHVLVPHDVXUHG
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7KHSUREHLVFDOLEUDWHGZLWKVWDQGDUG1D&ODQG.&OWRREWDLQWKHYDOXHRIFDOLEUDWLRQFRQVWDQWE
ZKLFKGHSHQGVXSRQWKHJHRPHWU\RIWKHSUREH7KLVFRQVWDQWDIWHUPXOWLSOLFDWLRQZLWKWKHUDWLRRIV
XSRQI JLYHVHOHFWULFDOUHVLVWLYLW\RIWKHVDPSOH(TXDWLRQDQGSUHVHQWVWKHVHWRIHTXDWLRQVLQYROYHG
IRUHOHFWULFDOUHVLVWLYLW\PHDVXUHPHQWXVLQJWKHHOHFWULFDOSUREH
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3.3. Governing differential equation for heat transfer in soils 
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SUHVHQFHRIDWKHUPDOJUDGLHQW)RUD'VWDWHRIKHDWIORZLIWKHUPDOFRQGXFWLYLW\LVGHQRWHGDVȜDQG
7EHLQJWKHWHPSHUDWXUHLQ&WKHQWKHKHDWIORZLQ[DQG\GLUHFWLRQVDUHJLYHQE\
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]  6SHFLILFKHDWRIWKHPDWHULDO
3.4. Functional network approach for prediction of thermal resistivity 
'DWDDYDLODEOH IURP(U]LQHWDO LVXVHG WRGHYHORSDQDVVRFLDWLYH)1PRGHO WRSUHGLFW WKH
WKHUPDOUHVLVWLYLW\57RIJHRPDWHULDOV7KUHHLQSXWVQDPHO\GHJUHHRIVDWXUDWLRQ6UVXPRIIUDFWLRQV
RIVDQGDQGJUDYHOVL]HSDUWLFOHV)DQGHOHFWULFDOUHVLVWLYLW\RIWKHJHRPDWHULDO5(DUHXVHG)URP
GDWDYDOXHV UDQGRPO\ VHOHFWHGGDWDZHUHXVHGDV WUDLQLQJ VHW DQG WKH UHVW RI WKHGDWD LVXVHG IRU
WHVWLQJ 7KH YDOXHV RI LQSXWV DQG RXWSXWV DUH QRUPDOL]HG EHWZHHQ  DQG  8VLQJ SUHVFULEHG EDVLV
IXQFWLRQDQGGHJUHHRIWKHVHOHFWHGIXQFWLRQWKH)1PRGHOLVGHYHORSHG7KRXJKE\LQFUHDVLQJGHJUHH
WKHREWDLQHGUHVXOWVZRXOGEHPRUHDFFXUDWHEXWDWWKHVDPHWLPHWKHFRPSOH[LW\LQWKHSUREOHPZRXOG
DOVRLQFUHDVH+HQFHDWUDGHRIIZDVPDGHLQWKHSUHVHQWVWXG\7KHEHVW)1PRGHOZDVREWDLQHGZLWK
GHJUHHDQGݏ݅݊EDVLVIXQFWLRQ)LJXUHJLYHV WKHDVVRFLDWLYHIXQFWLRQDOQHWZRUNXVHGLQ WKLVVWXG\
7KHHTXDWLRQIRUWKHGHYHORSHGPRGHOLVJLYHQE\HTXDWLRQ

்ܴ ൌ ͳǤ͵ͻ͵ ൅ ሺʹ͸ǤʹͶ ൈ  ܵ௥ሻ െ ሺ͵ͳǤ͸͵ ൈ  ʹܵ௥ሻ ൅ ሺͳ͸ǤͻͲ͸ ൈ  ͵ܵ௥ሻ െ ሺͶǤʹͶ ൈ  Ͷܵ௥ሻ െ
ሺʹ͹Ǥʹ͸ ൈ ܨሻ ൅ ሺ͵ͲǤͻͲ ൈ  ʹܨሻ െ ሺͳ͸ǤͻͲ ൈ  ͵ܨሻ ൅ ሺͶǤͳͲ ൈ  Ͷܨሻ െ ሺͳͶͻͻǤͲ͹ ൈ  ܴாሻ ൅
ሺͳ͸͸͵Ǥ͸Ͳ ൈ  ʹܴாሻ െ ሺͺͶʹǤ͸͹ ൈ  ͵ܴாሻ ൅ ሺͳ͹ͷǤʹ͸ ൈ  Ͷܴாሻ 
          
 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

7KHYDOXHVRIWKHLQSXWVLQHTXDWLRQDUHWKHQRUPDOL]HGYDOXHVEHWZHHQDQGDQGLWJLYHVWKH
QRUPDOL]HGYDOXHRI577KHDFWXDO57FDQEHFDOFXODWHGIURPHTXDWLRQ

்ܴሺ௔௖௧௨௔௟ሻ ൌ ʹǤ͸ͻ்ܴ ൅ ͲǤͶͻ 


([SHULPHQWDOO\ REWDLQHG LQSXW SDUDPHWHUV DQG SUHGLFWHG WKHUPDO UHVLVWLYLW\ DFWXDO DUH SUHVHQWHG LQ
7DEOH

7DEOH,QSXWSDUDPHWHUVDQGSUHGLFWHGWKHUPDOUHVLVWLYLW\RIWKHSRQGDVKVDPSOH
6DPSOH1R 6U
LQ
)
LQ
5(([SHULPHQWDO
LQP
573UHGLFWHG
LQP.:DWW
5&
,Q:DWWPN
     0.82
     0.18
     0.86


)LJ$VVRFLDWLYHIXQFWLRQDOQHWZRUNXVHGLQWKLVVWXG\
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5HVXOWVDQGGLVFXVVLRQV
7KH YDULDWLRQ RI HOHFWULFDO UHVLVWLYLW\ RI WKH SRQG DVK VDPSOH ZLWK ZDWHU FRQWHQW LV SUHVHQWHG LQ
ILJXUH7KHWUDQVLHQWWKHUPDOQXPHULFDOVLPXODWLRQLVDWWHPSWHGXVLQJ$16<6D)(0EDVHGVRIWZDUH
SDFNDJH$'PRGHO LV UHDOL]HGZKHUH WKHFRRODQW FDUU\LQJ39&SLSH LV DVVXPHG WREHEXULHGDWD
GHSWKDPIURPWKHJURXQGVXUIDFH6FKHPDWLFVRIWKHPRGHOJHRPHWU\FDQEHIRXQGIURPILJXUH
7KLV JHRPHWU\ LVPRGHOHG LQ WKH$16<6:RUNEHQFK0DWHULDO DVVLJQPHQW LV GRQH LQ WKH IROORZLQJ
VWHSDQGPHVKJHQHUDWLRQ LVFDUULHGRXW LQ WKHQH[WSKDVH)LJXUHSUHVHQWV WKHJHQHUDWHGPHVK$Q
DPELHQW WHPSHUDWXUHRI&LVHVWDEOLVKHGWKURXJKRXWWKHV\VWHPDSDUW IURPWKHVXUIDFHRIWKH39&
VKHDWKZKHUHWKHWHPSHUDWXUHLVDVVXPHGWREH&5DGLDWLRQORVVHVDUHDOORZHGIURPWKHVXUIDFHRI
WKH HDUWK DQG WKH FRHIILFLHQW RI HPLVVLYLW\ RI WKH VXUIDFH RI HDUWK LV DVVXPHG WR EH  $V D
UHSUHVHQWDWLYHDQDO\VLV VLPXODWLRQ LVFDUULHGRXW IRU WKHSRQGDVKVDPSOH\LHOGLQJPLQLPXPYDOXHRI
WKHUPDOFRQGXFWLYLW\ZKLFKLV:P.
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)LJ9DULDWLRQRIHOHFWULFDOUHVLVWLYLW\RISRQGDVKZLWKZDWHU
7KHSHUIRUPDQFHRIWKHSRQGDVKVDPSOHDVDWKHUPDOO\LQVXODWLQJEDUULHUIRUWKHFRRODQWV\VWHPLV
FDUULHGRXWIRUDSHULRGRI\HDU,WFDQEHVHHQIURPILJXUHWKDWWKHWHPSHUDWXUHDWWKHLQWHUIDFHRI
FRRODQW VKHDWKDQG WKHHQJLQHHUHGEDFNILOO LV UHGXFHGDERXW&DIWHUDSHULRGRI\HDUZKLFK LV
DFFHSWDEOH IURP HQJLQHHULQJ SRLQW RI YLHZ 7KLV MXVWLILHV VXLWDELOLW\ RI WKH SRQG DVK VDPSOH IRU WKH
EDFNILOOPDWHULDOLQWKHFRRODQWV\VWHP

  
)LJ6FKHPDWLFVRIPRGHOJHRPHWU\  )LJ*HQHUDWHGPHVKIRUWKHPRGHO
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)LJ7HPSRUDOYDULDWLRQRIWHPSHUDWXUHDWWKHLQWHUIDFHIRUDSHULRGRI\HDU
&RQFOXVLRQV
7KHSUHVHQWVWXG\ZDVIRFXVHGWRZDUGVVXLWDELOLW\DVVHVVPHQWRISRQGDVKDVDQHQJLQHHUHGEDFNILOO
PDWHULDO LQFRRODQWFDUU\LQJGXFWVXVHGLQFHQWUDOLVHGDLUFRQGLWLRQLQJV\VWHP(OHFWULFDOUHVLVWLYLW\RI
WKHSRQGDVKVDPSOHZDVHYDOXDWHGXVLQJDIDEULFDWHGHOHFWULFDOSUREH6XEVHTXHQWO\XVLQJDQDUWLILFLDO
LQWHOOLJHQFH WHFKQLTXH IXQFWLRQDO QHWZRUN DSSURDFK D JHQHUDOLVHG FRUUHODWLRQ ZDV GHULYHG IRU
SUHGLFWLQJ WKHUPDO UHVLVWLYLW\ RI WKH SRQG DVK IURP LWV HOHFWULFDO UHVLVWLYLW\ 7KH LQYHUVH RI WKHUPDO
UHVLVWLYLW\ IXUQLVKHG WKHYDOXHRI WKHUPDOFRQGXFWLYLW\ZKLFK LVXVHG IRUPRGHOOLQJ WKHGXFWEDFNILOO
V\VWHPLQ)(0DQDO\VLVLQ$16<6HQYLURQPHQW7KH)(0EDVHGDQDO\VLVUHYHDOHGWKDWWKHSRQGDVK
VDPSOH FDQ VHUYH WKHGHVLUHGSXUSRVHE\ LQVXODWLQJ WKHGXFW WKHUPDOO\ DQGPLQLPLVLQJ WKHKHDW ORVV
ZKLFKLQWXUQFDQLPSURYHWKHV\VWHPSHUIRUPDQFH
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